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CHAPTER I 
INTRODUCTION 
Historical Perspective. 
The insecticidal properties of the plant, Chrysanthemum 
cinenaefolium, have been known since the 19th century. 
Import of powdered flower heads into the United States began 
early as 1860 (Gnadinger, 1936) and increased from 600,000 
pounds to 3,000,000 pounds by 1919. In 1919, importers began 
extracting the powder with kerosene to yield a more potent 
liquid. This extract was known as pyrethrum. The two active 
agents in pyrethrum are pyrethrin I (2,2-dimethyl-3- 
(2-methyl-l- propenyl) cyclopropane carboxylic acid 
2-methyl-4-oxo-3- (2,4-pentadienyl) -2- cyclopenten-l-yl 
ester) and pyrethrin IX (3-(3-methoxy-2- 
raethy1-3-oxo-1-propenyl) -2,2-dimethylcyclopropane-carboxylic 
acid 2-methy1-4-oxo-3- (2,4-pentadienyl) -2-cyclopenten-l-yl 
ester) (Staudinger and Ruzicka, 1924). Unfortunately, 
pyrethrin I and II were very labile and expensive to produce. 
With the advent of World War II, inexpensive and 
extremely effective chlorinated and organophosphate 
insecticides flooded the market and replaced pyrethrum 
(McLaughlin, 1973). Widespread insect resistance and 
environmental contamination due to the use of chlorinated and 
organophosphate insecticides generated intensive development 
of alternative compounds, including synthetic pyrethrin 
1 
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analogues (e.g., pyrethroids) (Elliot, 1978; Soderlund et 
al., 1983). 
Physical Chemistry. 
Since pyrethrins lack environmental stability due to 
photolysis and hydrolysis reactions, field stable analogues, 
had to be created. Insecticidal activity of pyrethrins is 
highly dependent on specific structural conformation (Miller 
and Adams, 1982). Pyrethrin fraction I is a collection of 
three chrysanthemic acid esters; pyrethrin I, cinerin I and 
jasmolin I. Pyrethrin fraction II is mixture of three 
pyrethric acids; pyrethrin II, cinerin II and jasmolin II 
(note app.a for structures). Structural analysis of these 
natural esters has led to the following conclusions 
concerning necessary features for pyrethroid toxicity (Barlow 
et al., 1971; Elliot and Janes, 1973a): 
a) The gem-dimethyl group on the cyclopropane ring is 
essential since compounds without it are almost 
completely inactive; 
b) A side chain on the alcoholic moiety is necessary; 
c) Unsaturation on the side chain of the alcohol is 
important but can be alkenyl, cycloalkenyl, or aromatic; 
d) The methyl on the C-3 of the cyclopentanolone ring 
can be replaced by hydrogen; 
e) The whole cyclopentenolone ring can be replaced by 
structures which maintain the stereochemistry between the 
ester link and the unsaturation in the alcohol side chain. 
Pyrethrin I is unstable in sunlight due to a number of 
photolabile centers, the most important being the 
chrysanthemic acid side chain and the cis pentadienyl side 
chain (Elliot, 1977). In controlled experiments in which 
various pyrethrins were irradiated under artificial sunlight, 
90% of pyrethrin I decomposed in 12 min (Chen and Casida, 
1969). Schechter et al., (1949) cleaved the terminal ethene 
moiety from the alcoholic sidechain to create the first 
synthetic pyrethroid, allethrin (app.b). Under irradiation, 
90% of allethrin decomposed in 8 hrs (Chen and Casida, 1969). 
The entire diene sidechain was replaced with a stable 
aromatic ring in resmethrin, but it still contained a 
photolabile furan ring (Elliot and Janes, 1973a, app.b ). 
This was modified in phenothrin by replacing the furan ring 
with another aromatic ring. The resulting photostabile 
phenoxybenzyl alcohol moiety is by far the most widely 
utilized alcohol replacement in pyrethroid synthesis (app. 
b ) • 
Phenothrin, however, still possessed a labile center in 
the chrysanthemate acid moiety. This is modified in 
permethrin by substituting the isobutenyl moiety with a 
dichlorovinyl one which results in a field stable compound 
with a half life of 4 days (Elliot, et al., 1973b). A list 
4 
of the photostability of selected pyrethroids is given in 
app. c. Moreover, addition of a cyano group on the 
alpha-methylene carbon of the phenoxybenzyl alcohol gave 
enhanced insecticidal and mammalian toxicity (i.e. 
cypermethrin, app.b ). Substitution of bromide for chloride 
yields the most toxic pyrethroid, deltamethrin (app.b), 
, 
which is sixteen times more.active than cypermethrin and six 
hundred times more active than DDT on mosquitoes (Elliot, 
1977). 
A comparison of pyrethrin I and deltamethrin illustrates 
the major features required for highest activity (Elliot, 
1977). Both compounds are cyclopropane carboxylic acid 
esters with two methyl groups at C-2 position of the 
cycloproponone ring and an unsaturated side chain at C-3. 
The side chain at C-3 is trans to the carboxylic moiety in 
pyrethrin I but cis in deltamethrin. This is necessary so 
that the Rectus (R) rotation is maintained in both compounds 
at C-l because the Sinister (S) rotation is not active 
(Elliot, 1977). The acid moiety in each ester is combined 
with either a secondary alcohol of which the hydroxyl group 
is either part of a nearly planar cyclopentenolone ring 
(i.e., pyrethrin I) or is attached through a methylene carbon 
to an aromatic ring (i.e., deltamethrin). A center of 
unsaturation (cis-butidienyl or phenyl) is linked, via a 
methylene (i.e., pyrethrin I) or oxygen bridge (i.e., 
deltamethrin) and a 3 or 4 carbon spacing, to the hydroxyl 
5 
group which bears the chiral center. 
Pyrethroid Detoxification. 
In mammals, pyrethroids are metabolized in large part by 
oxidases and esterases. Microsomal oxidases (e.g., 
mixed-function oxidases, monooxygenases) are in vitro 
representations of the cytochrome P^q enzyme system 
contained principally in endoplasmic reticulum. These 
NADPH-dependent enzymes insert molecular oxygen onto various 
hetero atoms. The hetero atom attacked gives rise to the 
name of the enzyme system (e.g., enzymes which attack 
nitrogen atoms are termed N-hydroxylating, etc.). Such 
oxidases also attack carbon, as in the case of pyrethroids. 
Molecular oxygen is so reactive that a hydrogen bond readily 
forms, hence the misnomer hydroxylating enzymes. 
Esterases are termed extramicrosomal enzymes because 
they are not mediated by cytochrome P45Q enzymes 
(Dauterman, 1976). Specifically, pyrethroids are metabolized 
by the carboxylesterase, a B esterase (B esterases are those 
-8 
esterases which are inhibited by paraoxon (10 M) while 
A esterases are not, Dauterman, 1976). Carboxylesterase 
catalyzes hydrolysis of both aliphatic and aromatic esters, 
but not choline esters. This is desirable considering that 
acetylcholine is a choline ester. If these esterases 
attacked such esters, mammalian nervous systems would suffer 
from extreme disfunction due to acetylcholine depletion. 
6 
Unlike many pesticides, pyrethroids are not biologically 
activated. For example, parathion, a potent inhibitor of 
acetylcholinesterase, is activated when it is metabolically 
converted to paraoxon by a phosphothioester hydroxylase. 
Because of this, increased potency of synthetic pyrethroids 
can be directly attributed to the increased stability of 
chemical substituents at points of highest metabolic 
activity. By removal of the more biodegradable moieties, a 
great increase in toxicity has been achieved (Soderlund and 
Casida, 1977). 
Pyrethroid hydrolysis is highly dependent on the 
molecular configuration especially in the side chain attached 
to C-3 of the cyclopropane ring. Consequently, a major 
reaction with pyrethrin I and allethrin is the oxidative 
hydroxylation of the trans - methyl group of the isobutenyl 
side chain in the acid moiety to form a hydroxymethyl 
derivative (Yamamoto et al., 1969). In the presence of 
halogens, oxidation does take place but at a substantially 
reduced rate. Hence, halogen substitution enhances 
biostability. The choice of halogen also effects the 
oxidation rate with dichlorovinyl substituents (e.g., 
cypermethrin) oxidized more readily than dibromovinyl ones 
(Soderlund and Casida, 1977). 
The configuration at the ester linkage also effects 
oxidation rates. Cis pyrethroids are more active because 
trans pyrethroids are more susceptible to oxidative ester 
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cleavage. Also, reduced oxidation rate is apparent for all 
alpha-cyano pyrethroids regardless of other substituents on 
the cyclopropyl ring. Cyclic secondary alcohols are readily 
oxidized whereas pyrethroids containing a nitrogen at the 
alpha carbon of phenoxybenzy1 alcohols (i.e., alpha cyano 
pyrethroids) are not. 
The second major type of pyrethroid detoxification 
involves hydrolytic cleavage by carboxylesterases. Cleavage 
occurs at the ester linkage between the acid and alcohol 
moiety. Substituents on the cyclopropyl ring greatly modify 
the rate of esterase activity. Dichlorovinyl substituents 
enhance hydrolysis to a greater extent than isobutenyl 
substituents whereas dibromovinyl substituted pyrethroids are 
hydrolyzed the slowest. In all cases, substituents must lie 
trans to the cyclopropane ring. Pyrethroids with cis 
substituents are hydrolyzed poorly or not at all. Alpha cyano 
pyrethroids are either poorly hydrolyzed or are completely 
resistant to hydrolysis (Soderlund and Casida, 1977). It 
follows that cis pyrethroids are the most effective 
insecticides. Of these, alpha cyano pyrethroids are the most 
potent. 
Pyrethroid Symptomology. 
Two distinct symptoms have been described in rats 
poisoned with pyrethroid insecticides (Verschoyle and 
Aldridge, 1980). With type I acting pyrethroids (e.g., 
8 
non-cyano containing, app.b ), poisoning begins with 
aggressive sparring behavior and increased sensitivity to 
external stimuli. This is followed by tremors which 
gradually increase in severity until animals become prostrate 
with a whole body tremor (i.e., T syndrome). In rats 
poisoned with type II acting pyrethroids (e.g., cyano 
containing), onset of symptoms is characterized by pawing and 
burrowing behavior, followed by profuse salivation, coarse 
whole body tremor, increased startle response and poor 
hindlimb coordination. The tremors progress into a 
choreoathetotic writhing which increases in intensity until 
death. This type of poisoning has been denoted as CS 
syndrome (Barnes and Verschoyle, 1974; Ray and Cremer, 1979). 
It has been postulated that the T syndrome is due to 
peripheral nerve involvement (Verschoyle and Aldridge, 1980) 
whereas the CS syndrome has been shown to give rise to EEG 
changes which are clearly indicative of CNS involvement (Ray, 
1980). Furthermore, Rickard and Brodie (1985), has shown a 
direct correlation between the levels of deltamethrin in the 
brain and onset of CS symptomology. 
Inotropic agents (i.e., agents which influence the force 
of muscle contraction) produce changes in the parameters of 
isometric contractions of cardiac muscle which are directly 
related to stimulation of muscle by the neurotransmitters, 
norepinephrine and acetylcholine (Sonneblick, 1967; Allen and 
Blinks, 1978). Norepinephrine increases rate of tension 
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development, rate of relaxation and shortens the time to peak 
tension. Alpha cyano pyrethroids such as deltamethrin also 
produce positive inotropic effects on guinea pig heart 
resulting in increased rate of tension development, increased 
rate of relaxation and a shortened time to peak tension 
(Berlin et al. , 1984). Addition of propanolol (a beta- 
adrenergic blocker), reserpine (a chemical which reduces the' 
capacity of synaptic vesicles to store norepinephrine) or 
procainamide (an anti-arrythmatic) delayed the onset of 
deltamethrin-induced inotropic action. The alpha-adrenergic 
receptor blocker, phentolamine (luM), had no additional 
affect on deltamethrin-induced tension development in 
propanalol treated atria. In view of this, Berlin suggests 
that the action of deltramethrin in atrial muscle could be 
attributed to enhanced catecholamine release from sympathetic 
nerve terminals. 
Because a portion of the action of cyano pyrethroids has 
been determined to be indicative of CNS involvement (i.e., CS 
syndrome, Barnes and Verschoyle, 1974), it is interesting 
that the convulsive states appear to be highly correlated to 
changes in brain norepinephrine levels (Quattrone et al., 
1978; Kilian and Frey, 1973). In vivo experiments which 
evaluated convulsive thresholds on rats showed that 
thresholds were lowered in animals treated with disulifiram, 
a dopamine-beta- hydroxylase inhibitor which blocks the 
terminal enzyme necessary for the production of 
10 
norepinephrine from dopamine. Onset of convulsions was 
determined by extension of the forelegs (Kilian and Frey, 
1973) or extension of the hindlegs (Quattrone et al., 1978). 
The convulsive threshold dropped from 173 + 8 V in control 
rats to 99 + 5 V in disulifiram treated animals and brain 
norepinephrine levels dropped from 0.34 + 0.04 ug/g in 
control rats to 0.25 + 0.04 ug/g in treated ones (Kilian and 
Frey, 1973). It is possible that an enhanced release of 
norepinephrine due to the action of deltamethrin could lead 
to an overall depletion of brain stores of this 
neurotransmitter, a condition known to produce a convulsive 
state. Certainly increased release would allow more exposure 
to enzymes which degrade norepinephrine in vivo (i.e., 
monoamine oxidases and catechol -0- methyltransferases). 
Norepinephrine Biochemistry and Physiology. 
Norepinephrine is synthesized from tyrosine (app. d), 
(Warburton, 1975) with 1-norepinephrine being the active form 
(Malmejac, 1964). Norepinephrine is stored in synaptic 
vesicles within presynaptic nerve terminals (Axelrod, 1974) 
and its release from these vesicles is a Ca^+ dependent 
event (Warburton, 1975; Levi, et al., 1980). Norepinephrine 
within the synaptic cleft is converted by catechol -0- 
methyltransferase (C0MT) to inactive normetanephrine (apps. 
d, e ). Unpackaged norepinephrine within the neuron is 
metabolized by monoamine oxidase (MAO) to 
11 
3,4-dihydroxymendelic acid (apps.d , e) (Warburton, 1975). 
In brain, MAO is the major catabolic enzyme and COMT a minor 
one (Snyder, 1976). The opposite is true in the peripheral 
nervous system. Neither MAO nor COMT are specific as MAO 
will convert normetanephrine and COMT will convert 3,4 - 
dihydroxymendelic acid to vanyllylmandelic acid (apps. d, e ),. 
Because released norepinephrine is taken back up into 
presynaptic nerve terminals and reused by the neuron 
(Warburton, 1975), reuptake of norepinephrine by the 
presynaptic nerve terminal serves as a major inactivation 
mechanism at adrenergic nerve synapses. 
Neuronal reuptake of norepinephrine is carried out by 
either a high affinity (Km - 0.2 - 0.4uM) active transport 
system (Iverson, 1971) known as uptake 1 or a low affinity 
(Km = 250 uM) transport system known as uptake 2 (Gillespie, 
1973). Uptake 1 is dependent upon the presence of external 
+ + Na and K ions, stereospecific for 1-norepinephrine, 
and is ouabain sensitive (White and Keen, 1970). Uptake 2 is 
also an energy dependent membrane transport system but is 
much less dependent on the presence of external Na+, 
shows no stereospecificity and is ouabain insensitive 
(Iverson, 1971). It has been postulated that norepinephrine 
taken up by uptake 2 is degraded by monoamine oxidase rather 
than packaged into synaptic vesicles (Iverson, 1974). 
Therefore, the ouabain sensitive uptake 1 system apparently 
functions to load norepinephrine into synaptic vesicles. 
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Morphologically, norepinephrine (app. d ) within the 
central nervous system is most dense at the locus coeruleus 
(app. f) (Nieuwenhuys, et al., 1981). From here, it runs via 
the dorsal adrenergic bundle through the midbrain tegmentum 
into the corpus callosum. Other portions innervate the 
cerebellum, medulla oblongata and portions of the spinal cord * 
(apps. f , g). A second tract, the ventral noradrenergic 
bundle, innervates portions of the mesencephelon and the 
entire hypothalamus within the diencephelon (app. g). 
Thus, CS symptomology produced by alpha cyano 
pyrethroids correlates well with the known functions of the 
noradrenergic system of the brain. Onset of CS poisoning in 
rats appears as a pawing and burrowing behavior which is 
essentially a general arousal condition. Stimulation of the 
locus coeruleus has been correlated with arousal behavior via 
increased norepinephrine activity (Warburton, 1975). The 
locus coeruleus innervates both the cerebellum and 
hypothalamus. The hypothalamus is responsible for arousal as 
well as digestive secretions while the cerebellum controls 
muscle coordination. Disruption of norepinephrine activity 
in these areas would manifest itself as abnormal secretions 
and uncoordinated muscle activity, two prevalent CS symptoms. 
In summary, is has been suggested that deltamethrin 
causes enhanced norepinephrine release from presynaptic nerve 
terminals in guinea pig heart producing a positive inotropic 
effect (Berlin et al., 1984). Furthermore, deltamethrin 
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causes symptomology indicative of central nervous system 
poisoning (i.e., chorioathetosis, muscular uncoordination) 
possibly by affecting noradrenergic innervated areas of the 
brain. We therefore chose to study the effect of cyano and 
non cyano pyrethroids on uptake and release of norepinephrine 
from rat brain synaptosomes. Since Ca2+ influx serves as 
t 
a biological trigger of quantal vesicular neurotransmitter 
release during a depolarizing event (Macintosh, 1976; Orrego 
and Sanchez-Armass, 1981), we investigated the action of 
pyrethroids on Ca homeostasis. In particular, the 
modulatory role of pyrethroids was determined for both the 
influx of external Ca during depolarization and the 
removal of cytosolic Ca2+ from intraterminal stores. 
CHAPTER II 
MATERIALS 
Animals. 
Male Sprague-Dawley rats, 56 to 60 days old, were 
obtained from Charles River Breeding Laboratories Inc., 
Wilmington, MA, and used within one week. They were housed 
in standard metal animal cages with full access to food and 
water. 
Chemicals. 
The following chemicals were generous gifts as 
indicated: Deltamethrin ((S -OC- cyano-3-phenoxybenzy1-cis- 
(1R,3R)-2,2-di-methy1-3- (2,2-dibromoviny1) 
cyclopropanecarboxylate) from Dr. J. Martel at Centre de 
Researches Roussel Uclaf, Romainville, France; fenvalerate 
((S)- oc,-cyano-3- phenoxybenzyl- 2- (4-chlorophenyl)- 
isovalerate)) and des-cyano fenvalerate (3-Phenoxybenzyl- 
2-(4-chlorophenyl) isovalerate) from Dr. M. Schroeder at 
Shell Development Co., Modesto, CA; cypermethrin ((+)-OC 
-cyano- 3- phenoxybenzyl- (+)-cis, trans-3- 
(2,2-dichlorovinyl)-2,2- dimethyl- cyclopropanecarboxylate)) 
from Shell Bioscience Laboratory, Sittingbourne, Kent, United 
Kingdom ME98AG; s-bio allethrin ((2,2-dimethyl- 3- 
(2-methyl-l-propeny1) cyclopropanecarboxylic acid 
2-methyl-4-oxo-3- (2-pro-peny1)-2- cyclopenten-l-yl ester) 
14 
15 
from Dr. I. Yamamoto, 1-1 Sakuragaok Setagayaku, Tokyo Univ. 
of Agriculture, Tokyo, Japan; permethrin (3-phenoxybenzyl(+), 
cis trans-3- (2,2-dichlorovinyl)- 2,2-dimethyl- 
cyclopropanecarboxylate) from FMC Corporation, Agricultural 
Chemical Division, Middleport, NY 14105; des-cyano 
deltamethrin (3-phenoxybenzyl- cis-(lR,3R)-2,2- dimethyl- 
t 
3-(2,2-dibromovinyl) cyclopropane- carboxylate) from Dr. D. 
M. Soderlund, New York State Agricultural Experimental 
Station, Cornell University, Geneva, NY. 
DDT (l,l,l-trichloro-2,2-bis(p-chlorophenyl)ethane, DDE 
(1yl-dichloro-2,2- bis(p-chlorophenyl) ethene and parathion 
(0,0-diethyl O-p-nitrophenyl phosphorothioate) were purchased 
from Chem Services, West Chester, PA 19380 and were greater 
than 98% pure. 
L —(7,8)-^H-Norepinephrine (30-40 Ci/mmol) and 
45 CaCl2 (17 mCi/mg) were obtained from Amersham 
Radiochemicals, Arlington Hts., IL and New England Nuclear, 
Boston, MA, respectively. 
D600 (5-[(3,4-dimethoxyphenylethyl)methylamino]- 
2-isopropyl- 2-(3,4,5-tri- methoxyphenyl)- valeronitrile 
hydrochloride) was a gift of Prof. Oberdorf and D595 
(5-[3,4-dimethylphenyl) methyl- amino]-2- (3,4- 
dichlorophenyl)- 2-isopropylvaleronitrile) was a gift of 
Prof. Kretzschmar, both of Knoll AG,D-67 Ludwigshafen A/Rhein 
West Germany. 
Ouabain, tetrodotoxin, unlabeled norepinephrine, 
tetraethylammonium, picrotoxinin and all other organic or 
inorganic chemicals were obtained from Sigma Chemical Co. 
St. Louis, MO 63178. 
CHAPTER III 
METHODS 
Preparation of Synaptosomes. 
Synaptosomes were prepared by the method of Whittaker 
et al. , (1964) as modified by Hajos (1975). Brain 
synaptosomes were used in this study because they retain many 
functional characteristics of intact nerve terminals 
(Whittaker et al., 1964). They maintain trans- membrane 
potentials and carry on transmitter metabolism and 
macromolecular synthesis (Appel and Day, 1976). Synaptosomes 
are also used as model systems to study cellular respiratory 
processes as they are fully capable of cellular metabolic 
activities (Bradford, 1969). They are especially valuable in 
the study of ion transport across cellular membranes 
(Blaustein, 1975). Many laboratories have used synaptosomes 
2+ to study both uptake and Ca dependent, K+ depolarized 
release of norepinephrine (West and Fillenz, 1980). 
2+ Furthermore, the Ca dependent release of norepinephrine 
2+ is the most widely studied and best understood Ca 
triggered event available for study in nerve tissues. 
Male rats were sacrificed by cervical dislocation and 
whole brains removed. Brain matter with a wet weight of 
approximately 3.97 gm was disrupted using a teflon-glass 
homogenizer (No. C32112, 10 strokes, Thomas Co., Swedesboro, 
NJ) in 20.0 ml 0.32M sucrose and centrifuged in a Sorvall 
17 
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RC-2B refrigerated preparative centrifuge at 900xg for 10 min 
(Sorvall fixed angle rotor No. SS-34, r=108.0mm) A fluffy 
white layer above the pellet was carefully rejected while the 
supernatant was collected by aspiration. The supernatant was 
recentrifuged at ll,325xg for 30 min and the resulting pellet 
(crude mitochondrial fraction, P2) resuspended in 5.0 ml ' 
0.32M sucrose. This fraction was layered onto a 
discontinuous sucrose density gradient of 0.32M, 0.8M, and 
1.2M sucrose and centrifuged at 50,000xg (Beckman model L8-55 
ultracentrifuge, swing bucket Beckman SW-28 rotor, r=122.1mm) 
for 1 hr. The material at the 0.8M-1.2M interface was 
collected by aspiration via a curved pasteur pipet. 
The synaptosomes were returned to a more physiological 
normotonic environment by addition of small volumes of ice 
cold normal superfusion media (NSM, table 1) over a 30 min 
period to a final volume equal to 4 times the collected 
synaptosomal volume as described by Blaustein et al., (1978). 
The equilibrated synaptosomes were then pelleted at 15,000xg 
(Sorvall preparative centrifuge, SS-34 rotor) for 10 min and 
resuspended using a glass-glass homogenizer (5 strokes taking 
care not to twist plunger, Fisher Scientific Co., Medford, 
MA) in 2.0 ml ice cold NSM. Protein was determined by the 
method of Lowry et al. (1951) and was typically between 8-11 
mg/ml. 
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Uptake and Release of 3H -Norepinephrine (3H-NE). 
The procedure for uptake and release of 3H-NE was 
identical to that developed by Raiteri et al. (1974) as 
modified by West and Fillenz (1980). Aliquots (0.1 ml) of 
the synaptosomal preparation were incubated at with 3H-NE 
at a final concentration of 0.139 uM (approximately 111,446 
counts per minute (CPM) per aliquot) at 37°C in a shaking 
waterbath. Uptake was terminated after 15 min by addition of 
1.0 ml ice cold NSM. Background radiation was determined 
from blanks which consisted of identical incubations carried 
out at 0°C. All solutions were filtered with suction 
onto 0.65 urn cellulose acetate filters housed in 25mm Swinnex 
polypropylene filter holders (Millipore Co., Bedford, MA). 
Filters were subsequently washed with 10.0 ml ice cold NSM to 
remove any unbound 3H-NE. Uptake of 3H-NE was 
determined by removing the filters from holders and 
extracting the filters overnight in 1.0 ml of 1M perchloric 
acid. The extracted (acid-solubilized aliquot) and 
non-extracted (filter) 3H-NE was measured by liquid 
scintillation spectrometry (Packard Tri-Carb Scintillator, 
model 3255, Packard Co., Downers Grove, IL). Specific uptake 
was determined by subtracting the total CPM value of the 
0 C incubations from those which occurred at 37^C. 
In this work, a continuous superfusion method was 
employed. The advantages of using such a system are: (1) 
Reuptake of released substrate is largely prevented without 
Fig 
was 
1 Artist's 
utilized for 
rendering 
all 3H-NE 
of the superfusion system which 
efflux analyses. 
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the need for reuptake blockers; (2) The method allows 
synaptosomes to be utilized immediately after incubation with 
radioactive substrates; (3) It allows measurement of a more 
complete release pattern; (4) Media can easily be altered 
during the experiment; (5) Only about 0.1 mg synaptosomal 
canthpnmflLre'UiHd Per ?SSay tube and; (6) Superfusion runs 
an be made simultaneously and are reproducible (within 2-3%) 
with results obtained on different days (Raiteri et al. , 
1974; Levi et al., 1980). 
Release of 3H-NE was measured by superfusing loaded 
and washed synaptosomes with NSM. The superfusion device 
(fig. 1) consisted of eight 10.0 ml polypropylene syringes 
(Millipore Co., Bedford, MA) fixed in a round polystyrene 
container. Circulating water maintained the syringes and 
their contents at 37 + 2 °C. The washed synaptosomal 
aliquots in Swinnex filter holders were inserted beneath the 
syringe barrel (i.e., one filter holder per syringe barrel). 
Tygon tubing (3.2 mm I.D., Fisher Scientific, Medway, MA) 
carried superfused fluid from filter to borosilicate 
scintillation vials via a peristaltic pump (Scientific 
Industries, model 403, Fisher Scientific). The superfusion 
apparatus contained 3.0 ml dead volume in the tubing because 
of the device’s physical size. A flow rate of 0.5 ml/min was 
maintained throughout the collection period. Each pump 
accommodated four barrels. Twenty-four 0.5 ml fractions were 
collected over a 24 min period from each barrel. At min 6 
24 
(fraction 6), selected barrels were depolarized via addition 
of 2.0 ml K+ depolarizing media (DM, table 1). 
Depolarization was terminated after 3 min by diluting the 
remaining solution ten fold via addition of NSM. The 
radioactivity (CPM) in each fraction was determined by liquid 
scintillation spectrometry. In some experiments, the 
Ca dependency of ^H-NE release was determined by 
replacing Ca with Mg^ in the media used for 
washing, superfusion and depolarizing (OCaNSM, OCaDM, table 
1). All media used during the superfusion were maintained in 
a water bath at 37°C prior to their use. After each 24 
min run, the barrels and tubing were flushed with distilled 
deionized water (reagent grade I, Barnstead NANOpure water 
system, Sybron/Barnstead Co., Boston, MA) which removed any 
residual radiation. 
Addition of Inhibitors and Insecticides. 
In experiments which used water insoluble inhibitors or 
insecticides, the compounds were solubilized in 95% ethanol. 
Their amounts were adjusted to give final assay concentration 
when 1.0 ul was added to the 0.1 ml synaptosomal aliquot. 
Aliquots were pre-equilibrated in this fashion for 10 min on 
ice prior to placement in a 37°C water bath and addition 
of H-NE. Ethanol was included in all control tubes. 
Ethanol accounted for not more than 1% of the total volume 
and had no effect on load or release of ^H-NE. 
25 
-3 Tetrodotoxin was solubilized in 6.0x10 M sodium citrate 
(pH=4.8). Sodium citrate solution was added to control tubes 
(assay concentration was 6x10 ^M). Tetraethylammonium 
was solubilized in distilled water. 
In experiments where pyrethroids were included, 
incubation tubes were coated with Carbowax PEG 20000 (Helmuth 
et al. , 1983). Tubes were dipped in a 4% (w/v) aqueous 
carbowax solution, drained and dried overnight at 110°C. 
Insecticides were added to carbowax treated tubes and 
incubated under the standard conditions. After incubation, 
solutions were transferred to noncoated tubes and loaded with 
o 
H-NE as described previously. This transfer was 
necessary in that carbowax (polyethylene glycol) is used in 
chromatography for adsorption of amines. Experimental data 
illustrated that 83% of ^H-NE uptake was inhibited when 
uptake was attempted in carbowax treated tubes (average 
synaptosomal uptake in carbowax treated tubes was 0.76 + 0.21 
o 
pmoles H-NE per mg protein compared to an average uptake 
o 
of 4.45 + 0.05 pmoles H-NE per mg protein for controls). 
In experiments where both inhibitor and insecticide were used 
the inhibitor was added first for 5 min followed by the 
insecticide for an additional 5 min. Solutions were then 
transferred to carbowax-free tubes and incubated with 
3 
H-NE as described above. 
An analysis of the effects of pyrethroids on sequestered 
9 4* 
Ca (e.g., internal synaptosomal calcium stores) was 
determined with the aid of pentylenetetrazole. 
Pentylenetetrazole is known to cause neuronal bursting and 
this effect is believed to be caused by the release of 
2+ internal Ca stores (Sugaya and Onuzuka, 1978; Doerner 
et al. , 1982). Synaptosomes which were preloaded with 
3 
H-NE were washed and superfused with media in which 
Ca^+ was replaced with Ba^+ (BaNSM, table l). At min 
6 (fraction 6) selected synaptosomal aliquots received BaNSM 
containing various concentrations of pentylenetetrazole. 
After 3 min of this treatment, pentylenetetrazole was removed 
and superfusion continued with BaNSM. Synaptosomal aliquots 
serving as controls received BaNSM without pentylenetetrazole 
for the entire assay. To analyze any synergistic effect 
between pentylenetetrazole and deltamethrin, synaptosomes 
were incubated with various concentrations of deltamethrin 
3 
prior to loading with H-NE as previously described. 
After loading, the synaptosomes were washed and superfused 
with BaNSM. After 6 min (fraction 6) selected aliquots 
received BaNSM containing 5x10 ^M pentylenetetrazole. 
After 3 min these aliquots received BaNSM without 
pentylenetetrazole. Some deltamethrin treated synaptosomes 
received only BaNSM without pentylenetetrazole for the entire 
assay. 
Calcium Uptake Studies. 
In these experiments, synaptosomes were preincubated 
with either deltamethrin or 1.0 ul of 95% ethanol prior to 
addition of unlabeled norepinephrine (0.139 uM NE). The 
incubation with unlabeled NE was performed as described for 
3 
H-NE. Uptake of unlabeled NE was terminated after 15 
min by addition of 10.0 ml ice cold low calcium normal 
superfusion media (LCNSM, table 1). The aliquots were 
filtered with suction onto 0.65 urn millipore filters and 
washed with an additional 15.0 ml of LCNSM. Selected barrel 
then received 3.0 ml of low Ca3+ depolarization media 
(LCDM) containing 0.1 uCi 45CaCl2 per ml (approx. 
250,000 CPM). After a 6 min 43Ca uptake period, all 
filters were washed with 10.0 ml ice cold LCNSM and the 
45^ 
La present on the filters determined by liquid 
scintillation spectrometry. 
Calculation of 3H-NE Released. 
3 
Release of H-NE was expressed as either a 
fractional rate constant (frc) or as a summation of 
fractional rate constant differences. The fractional rate 
constant is the amount of 3H-NE released in each 1 min 
fraction (ie. 0.5 ml) as a percentage of the radioactivity 
remaining in synaptosomes during the preceeding min (Orrego 
et al., 1974; Orrego and Miranda, 1976; Levi et al. 1980; 
Orrego Sanchez-Armass et al., 1981). This was determined for 
each barrel by summing all released radiation (e.g. 3H-NE 
CPMs) in each fraction and combining it with the radiation 
28 
extracted and remaining on the filter after acid extraction. 
The amount of radiation in the first fraction was divided by 
the total thus giving the fractional rate constant of the 
first fraction. The radiation present in the first fraction 
was then subtracted from the total and the radiation released 
in the second fraction was divided by the new total. This 
procedure was repeated for each of the 24 fractions 
collected. 
Once fractional rate constants had been determined for all 
barrels, a fractional average of all fractional rate 
constants from similarly treated barrels was calculated. 
This was determined by averaging all fractional rate 
constants from fractions which received identical treatments 
(e.g., fractional rate constants of fractions from 
deltamethrin treated barrels which had received DM and 
collected at min 8 were averaged for min 8, fractional rate 
constants of fractions from deltamethrin treated barrels not 
treated with DM collected at fraction 10 were averaged 
together to give a fractional average at min 10, etc.). The 
fractional average determined for nondepolarized barrels was 
then subtracted from the fractional average determined for 
depolarized barrels to give a fractional average difference 
(e.g., the fractional average for the barrels containing only 
NSM at fraction 11 were subtracted from the fractional 
average for the barrels containing DM at fraction 11, etc.). 
The fractional average differences for fractions 12 through 
29 
20 were summed and these summations of fractional rate 
constant differences (e.g. , summations of 3H-NE released) 
were used to compare the effects of various insecticides and 
inhibitors. An example of these calculations is given in app. 
h. The fractions 12 through 20 were utilized because 
instrument dead space encompassed 3 min (6 fractions) and the 
effect appeared to be spread out over 4 min (8 fractions). 
Statistics. 
T-tests and least squares regressions were executed on 
an Apple lie personal computer. The Duncan multiple range 
tests were performed on the cyber CDC mainframe computer, 
located at the University of Massachusetts, using the 
Statistical Package for the Social Sciences (SPSS). 
CHAPTER IV 
RESULTS 
3 
Characterization of Synaptosomal Uptake of H -NE. 
3 
As previously described, uptake of H-NE is 
carried out by two distinct mechanism; a high affinity 
active transport mechanism known as uptake 1 (Iverson, 1971) 
which is ouabain sensitive and dependent upon the presence of 
external Na+, and a low affinity transport system known 
as uptake 2 (Gillespie, 1973) which is ouabain insensitive 
and less dependent upon external Na+. Table 2 shows 
that both of these uptake mechanisms exist in rat brain 
synaptosomes. Uptake of H-NE in the presence of 
ouabain (10~3M) was inhibited 60% + 4% when compared to 
control values. When Na+ was replaced by choline on an 
equimolar basis, uptake was inhibited 64% + 3% when compared 
3 
to controls. Therefore, approximately 60% of H-NE 
taken up by synaptosomes was by the high affinity uptake 1 
mechanism. The remaining 40% of uptake was ouabain 
insensitive and independent of external Na 
concentration which is in agreement with the uptake 2 
mechanism. 
The remaining results summarized in table 2 reveal that 
3 
modification of ion fluxes have little effect on H-NE 
uptake. Addition of the K+ channel blocker, 
tetraethylammonium (5 x 10 ^M), the Cl channel 
30 
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blocker, picrotoxinin (2 x 10"5M), or the Ca2+ 
channel blocker, D600 (10"5M), had little or no effect on 
synaptosomal uptake of 3H-NE. Likewise, a mixture of 
tetrodotoxin (10~7M) and deltamethrin (10~7M) did not 
significantly effect 3H-NE uptake. However, D595 
(10 5M) in combination with deltamethrin (10“7M) did 
decrease 3H-NE uptake. Although significant (p<0.05), 
the decrease was slight (D595 plus deltamethrin treated 
synaptosomes took up 4% + 1% less 3H-NE than control 
synaptosomes). 
The data in table 3 illustrates that the Ca2+ 
channel blocker, D595, significantly (p<0.05) decreased 
H-NE uptake at doses higher than 10”5M. 
Although no effect is noted at concentrations of 10~^M 
or 10 M, D595 inhibited 42% + 2% of control uptake at 
10 M and 75% _+ 0.3% at 10 3M. Tetrodotoxin had 
no effect at any assayed dose on 3H-NE uptake 
(10"8M to 10”5M). 
As summarized in table 4, pyrethroids had little or no 
significant (p<0.05) effect on uptake of 3H-NE by 
synaptosomes at concentrations of 10“5M or less. At 
10 4M, deltamethrin inhibited 27% + 5% of 3H-NE 
uptake compared to control values. Fenvalerate inhibited 11% 
+0.2% and 34% + 8% of control 3H-NE uptake at 
33 
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10 M and 10 M concentrations, respectively. 
Allethrin inhibited 22% + 7% of control 3H-NE uptake at 
10 M. The des-cyano analogues of deltamethrin and 
fenvalerate at 10“5M demonstrated no inhibitory effect 
on 3H-NE uptake. 
The effect of chlorinated hydrocarbons, DDT and DDE, and 
the organophosphate, parathion, on 3H-NE uptake was 
analyzed in the same manner and the results are summarized in 
table 4. DDT at concentrations of 10"6M, 10'5M and 
10"4M significantly (p<0.05) inhibited uptake of 
H-NE 21% + 3%, 13% + 5% and 34% + 4%, respectively. 
Concentrations up to 10'4M of either DDE or parathion 
had no significant (p<0.05) effect on synaptosomal uptake of 
3h-ne. 
Characterization of Synaptosomal Release of 3H -WE 
Functionally intact synaptosomes can be artificially 
depolarized by high external concentrations of K+ ions 
(i-e., 50 x 10'3M, Blaustein, 1975) which, in the 
Presence of Ca2+, leads to release of vesicle bound 
neurotransmitters (West and Fillenz, 1980; Maura et al., 
1984). Raiteri et al., (1974) showed that, when viable 
synaptosomes are superfused and depolarized in the presence 
°f Ca , they release neurotransmitter in a measurable 
and reproducible pattern. The data in fig. 2 demonstrates 
that rat brain synaptosomes utilized in this work are viable 
36 
Fig. 2 Effect of calcium on the release of H-NE. 
Synaptosomal aliquots w§re loaded with 0.139 uM 3H-NE 
in media containing 10-JM CaZ and subsequently ~ 
washed and superfused with media containing either 10”JM 
CaZ (NSM), (closed circles) or 10”JM Mg 
(OCaNSM), (open circles). In panel A, all synaptosomal 
aliquots were depolarized after 6 min (fraction 6, as 
indicated by arrow) by9addition of media containing 56 x 
10 JM K and either Caz or Mg (DM, 
0£aDM, respectively) for t\^o minutes. In panel B, the 
K level remained at 5x10 JM throughout the 
superfusion with synaptosomes superfused in NSM or OCaNSM 
(i.e., non-depolarized). Efflux was expressed as a 
fractional rate constant. The fractional rate constants are 
determined by dividing cpm released during that fraction by 
the cpm present in the synaptosomal aliquot at the beginning 
of the fraction. The results represent an average of 4 
experiments with each experiment consisting of 4 replicates. 
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38 
and reproduce a similar pattern of neurotransmitter release 
under the present experimental conditions. Only synaptosomes 
2+ in the presence of Ca showed enhanced rate of 
JH-NE release when depolarized by high K+. This 
is illustrated by the increase in the fractional rate 
constants for min 12 through 20. Synaptosomes which were 
superfused in media containing Mg2+ instead of Ca2+ 
(open circles) or which never received high K+ media 
(fig. 2B), regardless of the presence of Ca2+, did not 
q 
change their rate of H-NE release. 
As detailed in table 5, several ions can be used as 
Ca2+ replacements. Sr2+ replaced Ca2+ 
effectively showing no significant (p<0.05) reduction in 
2 
H-NE release during K+ depolarization. Although 
2+ 
Mn appeared to significantly (p<0.05) inhibit release 
of 2H-NE (4.9% + 0.2% compared to 10.5% + 1.5% for 
n 2+ \ 
/ 9 synaptosomes which were not depolarized by high 
K also released 2H-NE. This is evident in the 
summation totals for Mn2 non-depolarized synaptosomes 
compared to Ca2+ ones. The Mn2+ non-depolarized 
controls released nearly twice as much (64.5% + 0.5%) 
3 2+ 
H-NE as Ca non-depolarized controls (33.4% + 
1,2°/°)- This suggests that Mn2+ replacement of Ca2+ 
was affecting synaptosomal integrity resulting in "leaky" 
synaptosomes. Ba2+ inhibited 70% of control level of 
3U 
H-NE release (3.1% + 0.8% compared to 10.5% + 1.5% for 
39 
Table 5. The Effect of 
Brain Synaptosomes. 
2+ Ca Replacement 
3 
Ions on H-NE Release from Rat 
3H-NE Release 
Solution3 
Non-depolarizei 
Fraction Total 
d Depolarized 
Fraction Total0 Difference^ 
(Summation of 3H-NE Released + SEM) e 
CaCl2 33.4 + 1.2 43.9 + 0.3 10.5 + 1.5 
SrCl2 30.1 + 0.3 42.0 + 1.0 11.9 + 0.7 
MnCl2 64.5 + 0.5 69.4 + 0.9 4.9 + 0.2* 
BaCl2 31.4 + 5.8 34.5 + 5.0 3.1 + 0.8* 
Solutions are NSM or DM in which 1 mM of the listed salt replaced 1 mM 
CaCl2. 
^Non-depolarized total represents a summation of the fractional rate constants 
for fractions 12 through 20 inclusive (see app. 8 for sample calculation). 
The synaptosomes were not subjected to K depolarization. 
Depolarized total represents a summation of the fractional rate constants 
5?r fractions 12 through 20 inclusive. The synaptosomes were subjected to 
K depolarization. 
Percent difference is the difference in the release of 3H-NE 
by depolarized synaptosomes compared to non-depolarized synaptosomes for 
the same salt. Percent differences followed by an asterisk are significantly 
different than the percent difference for CaCl0 (10.5 + 1.5) (p<0.05, one 
tailed t-test. 1 ~ 
Means 
salt. 
represent an average of 2 experiments with 4 replicates for each 
40 
2+n o 
Ca ) without causing release of JH-NE from 
non-depolarized synaptosomes (31.4% + 5.8% compared to 33.4% 
+ 1.2% for Ca2+). 
The Effect of Deltamethrin on 3H -NE Release from Rat 
Brain Synaptosomes. 
Fig. 3 shows the fractional rate constants calculated 
3 
for H-NE release from synaptosomes treated with either 
10 M deltamethrin (Dlta, open circles) or ethanol 
(control, closed circles). As illustrated in fig. 3A (top), 
addition of K+ depolarization media to deltamethrin 
treated synaptosomes (Dlta, open circles) produced a large 
initial spike of 3H-NE release compared to ethanol 
treated synaptosomes (control, closed circles). The initial 
enhanced spike following K+ depolarization suggests 
that deltamethrin facilitates Ca2+ entry into the 
cytosol either by opening more calcium channels, or by 
enhancing Ca2+ entry through other channels (e.g., 
Na channels). Furthermore, depolarization of 
deltamethrin treated synaptosomes produced a prolonged 
tailing effect of 3H-NE release continuing through 
fraction 20. This enhanced tailing suggests that 
deltamethrin is producing an elevated Ca2+ 
concentration in the cytosol either by prolonging the opening 
°f channels and/or by interfering with internal Ca2+ 
sequestration or efflux mechanisms. As illustrated in fig. 
4 
41 
Fig. 3 Effect of deltamethrin on 3H-NE efflux. 
Synaptosomal aliquots were incubated with either 10’^M 
deltamethrin (Dlta, open circles) or 1.0 ul 95% ethanol 
^control, closed circles) prior to loading with 0.139 uM 
H-NE. Aliquots were subsequently washed and 
superfused with NSM. In panel A, synaptosomes were 
depolarized by addition of DM for 2 min (as indicated by 
arrow). In panel B, synaptosomes were treated with NSM for 
the entire assay. Results are expressed as fractional rate 
constants. The results represent an average of 4 experiments 
with each experiment consisting of 4 replicates. 
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3B (bottom), enhanced release of 3H-NE was not evident 
in synaptosomes which did not receive K+ depolarization 
regardless of the presence of deltamethrin or ethanol. Thus 
3 
increased H-NE release due to the addition of 
deltamethrin was only evident during depolarization and in 
2+ 
the combined presence of Ca . The increase in 
fractional rate constants for deltamethrin treated 
synaptosomes suggests that enhanced 3H-NE release is 
possibly due to an effect on calcium homeostasis in that 
Ca2h triggered events (e.g., Ca2+-dependent 
3 
H-NE release) are being modified. 
As illustrated in fig. 4, the effect of deltamethrin is 
dose dependent. Synaptosomes treated with deltamethrin at 
10"UM and 10“10M gave 3H-NE release values 
upon depolarization that were not significantly different 
(p<0.05) from control values (13.6% + 0.1% for 10"10M 
compared to 13.7% + 2.3% for controls and 12.9% + 2.0% for 
10‘nM compared to 14.7% + 1.0% for controls). Enhanced 
2 
H-NE release apparent at 10“9M deltamethrin was 
significantly different from control values (p<0.05) (treated 
synaptosomes released 13.2% + 0.3% compared to 9.7% + 0.2% 
for controls). Maximum stimulation was achieved at 
10 M deltamethrin (treated synaptosomes released 27.8 
± 3.7% compared to 12.6% + 0.5% for controls). Because this 
value approximates that measured at 10“5M deltamethrin 
(22.3% + 2.1% compared to 10.4% + 0.6% for controls) 
44 
* 4 EFSStKT2f various concentrations of deltamethrin 
release of H-NE. Synaptosomal fractions were 
lnciibated with either deltamethrin (crossed bars) or 1.0 
a?- (°Pen bar) prior to loading with 0.139 uM 
H-JNE. Aliquots were subsequently washed and 
superfused with NSM. After 6 min (fraction 6), selected 
aliquots were depolarized with DM for 2 min. Results are 
expressed as a summation of H-NE released. The 
summations were determined by subtracting the fractional rate 
constant average for the nondepolarized aliquots at a certain 
minute from the frc average for the depolarized aliquots at 
the same minute. The differences for fractions (minutes) 12 
through 20 inclusive were totalled and the results expressed 
as a summation. Both non-depolarized and depolarized 
aliquots received similar treatments (i.e. all either 
received deltamethrin or all received 95% ethanol). The 
results represent an average of 2 experiments + standard 
error measurement (SEM). Each experiment consTsted of 4 
replicates. 
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enhancement of H-NE release by deltamethrin appears to 
saturate at 10 7M. 
Fig. 5 represents a least squares regression analysis 
for enhancement of 3H-NE release by deltamethrin. The 
effect of deltamethrin was first noted at a concentration of 
-10 
10 M and reached a maximimum response at 10~7M. 
Maximum enhanced H-NE release at 10”7M 
deltamethrin was determined to give a summation value of 
14.6%. The half maximum effective dose (ED^q) as 
determined by least squares regression for deltamethrin was 
calculated to be 2.9 x 10_9M. This value corresponds 
to the concentration which would give an enhanced summation 
2 
of H-NE released value of 7.3% over controls. 
The Effect of Other Pyrethroids on 3H -NE Release from 
Rat Brain Synaptosomes. 
Pyrethroids which contain an alpha-cyano moiety 
(deltamethrin, cypermethrin, fenvalerate), at a concentration 
of 10 M, greatly enhance release of synaptosomal 
H-NE (fig. 6A). Synaptosomes treated with 
deltamethrin released 114% more 3H-NE than control 
synaptosomes (i.e. 22.3% + 2.1% of total 3H-NE released 
from treated synaptosomes compared to 10.4% + 0.6% released 
by controls). Addition of cypermethrin resulted in a 64% 
increase in 3H-NE release (23.1% + 1.1% 3H-NE 
released vs. 14.1% + 0.6% for controls) while fenvalerate 
47 
Fig. 5 Lea^t-squares regression of deltamethrin-stimulated 
Release of H-NE. The summation values of enhanced 
H-NE release above control values (i.e. the enhanced 
release amounts) for various concentrations of deltamethrin 
(from 10 M to 10 M) were subjected to a 
lgast-squares regression and plotted. The regression gave an 
r value of 0.82 with an EDrn value of 2.9 x 
10 M. The ED,-^ value is calculated as the 
extrapolated v^?i ue which would release a summation value of 
control plus 7.25%. The actual data points are represented 
on plot as triangles. Each data point represents 1 
experiment containing 4 replicates. 
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Ff83u6Mr Ef5ect of various pyrethroid insecticides on release 
or H-Nh. Synaptosomal aliquots were incubated with 
either a 10 concentration of pyrethroid (crossed bar) 
°m ethanol (open bar) prior to loading with 0.139 
uM H-NE. Aliquots were subsequently washed and 
superfused with NSM. After 6 min (fraction 6), selected 
aliquots were depolarized with DM. Panel A illustrates the 
effects of alpha cyano containing (type II) pyrethroids while 
panel B illustrates the effects of pyrethroids lacking such a 
goiety (type I). Results are expressed as a summation of 
H-NE released + SEM. Summations expressed are an 
average of 2 experiments, each consisting of 4 replicates. 
50 
51 
induced a 40% increase 3H-NE release (14.9% + 0.5% vs. 
10.6% + 0.6% for controls). Pyrethroid analogues lacking 
this moiety (e.g. des-cyano deltamethrin, des-cyano 
fenvalerate) and non-cyano pyrethroids (e.g. permeth-rin, 
bio-allethrin) had no effect (fig. 6B). At 10“5M, 
allethrin, permethrin, des-cyano deltamethrin and des-cyano 
fenvalerate failed to significantly (p<0.05) elevate or 
3 "4" 
reduce JH-NE release upon K+ depolarization. 
t 
The Effect of Other Insecticides on 3H -NE Release 
from Rat Brain Synaptosomes. 
Table 6 illustrates numerically the extent to which 
DDT, DDE and parathion effected 3H-NE release during 
c 
depolarization. At 10 M, DDT produced a highly 
significant (p<0.05) effect resulting in 92% relative induced 
3 
inhibition of H-NE release compared to controls. At 
this concentration, however, DDT has been determined to 
inhibit approximately 13% of synaptosomal 3H-NE uptake 
(see table 4). The actual difference in summation of 
3 
H-NE released for DDT vs. controls was 14.2% (15.4% 
for controls less 1.2% for DDT treated synaptosomes to give a 
net difference of 14.2%). Therefore it appears that the 
O 
decrease in H-NE release is apparently a result of the 
effect of DDT on uptake. Neither parathion nor DDE at 
concentrations of 10"5M had any significant (p<0.05) 
effect on synaptosomal efflux of 3H-NE when compared to 
control values. 
52 
2+ 3 
Table 6. Effect of Non-Pyrethroid Insecticides on Ca Dependent H-NE Release 
from n Depolarized Synaptosomes._______ 
H-NE Release 
Insecticide* control treated 
Relative 
Insecticide Induced 
JH-NE Release c 
(Percent of control released) 
(Summation ^H-NE release + SEM)^ 
DDT 15.4 + 0.8 1.2 + 2.4* 
CO
 
•
 
DDE 15.2 + 1.8 14.1 + 1.3 92.7 
Parathion 14.5 + 2.1 12.5 + 1.3 86.2 
a The concentration of all insecticides was 10"5M. 
^Control synaptosomes were treated with 1.0 ul 95% ethanol. 
c *3 Relative insecticide induced NE release is the H-NE released from treated 
synaptosomes as a percentage of controls. 
^Summations were determined by subtracting the fractional rate constant (frc) 
average for the nondepolarized aliquots at a certain fraction from the frc 
average for the depolarized aliquots at the same fraction. The differences 
for fractions (minutes) 12 through 20 inclusive were totaled and 
the results expressed as a summation. Values represent means of 2 experiments 
with 4 replicates for each insecticide. Means followed by an asterisk are 
significantly (p<0.05) different than control means (One-tailed t-test). 
53 
Influence of Agents which Modify Ionic Flux Across 
Biornembiranes on Deltamethrin Induced -NE Release 
from Rat Brain Synaptosomes. 
The effects of tetrodotoxin and D595 on ^H-NE 
release during K+ depolarization are illustrated in 
figs. 7 and 8. The results in fig. 7 show tetrodotoxin to be 
inhibitory to 3H-NE release. Release of 3H-NE 
dropped from 15.4% + 0.4% for controls to 11.7% + 0.1%, 7.5% 
+ 2.5%, 7.2% + 1.1% and 8.6% + 0.8% for tetrodotoxin 
concentrations of 10'8M, 10'7M, 10"6M and 
10 M, respectively. Tetrodotoxin inhibition appears to 
reach saturation at 10'7M in that inhibition was not 
found to by significantly different (p<0.05, Duncan's 
multiple range test) as the concentration of tetrodotoxin was 
increased from 10~^M to 10~^M. 
D595 was also found to be inhibitory to ^H-NE 
release from depolarized synaptosomes (fig. 8). At 
10 5M, D595 significantly (p<0.05) inhibited release of 
H-NE, dropping from 17.4% + 1.4% for controls to 11.8% + 
1-6% for treated synaptosomes, but did not show enhanced 
inhibition at 10'4M (p<0.05, Duncan's multiple range 
test, h-NE release in the presence of 10'4M D595 was 
3 *5* ~ 2,7%^- D595 dld not show significant inhibition of 
H-NE release at 1<T6M (17.1% + 1.8% compared to 18.8 
_^4.i% for controls). The inhibition at 10-3M 
( H'NE release was only 5.4% + 1.6%) was significant 
54 
on release of^N^ v?riou® concentrations of tetrodotoxin 
release ot H-NE. Synaptosomal aliquots were incuhat-»H 
with either tetrodotoxin (crossed bars or 1VZ? , 
(open bars) prior to addition of 0.139 uM3h1£e ethanol 
? yere subsequently washed and superfused with NSM 
iithrDM Tor {2irJT10LV\TeleCted ali^°ts w«e depolarized 
^H-NE released +qFMRcltS exPressed as a summation of 
avoraJ d 1 S?M‘ Summati°ns expressed are an 
average of 2 experiments per concentration, with each 
experiment consisting of 4 replicates. 
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p«o^s5iiaisfs;*:i s s %: 9iL$;r;,Jrn b*”> 
(frarfi1611^ was*?ed and superfused with NSM. After 6 min 
(fraction 6), selected aliquots were depolarized with DM fnr 
released rsEMS *1® eX?ressed « a summation °M f°r 
Summations expressed are an average of 9 
of 4rreplIca?es.COnCentrati0n with each e*P«iment8consisting 
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(p<0.05, Duncan's multiple range test) from the other 
concentrations but such data are suspect due to inhibition of 
^H-NE uptake by D595 at this concentration (75% 
compared to control values, note table 3). 
The ability of tetrodotoxin and D595 to collectively block 
release of 3H-NE release is detailed in table 7. 
Tetrodotoxin at 10"7M inhibited 48% of 3H-NE 
release compared to control synaptosomes. This level of 
tetrodotoxin inhibition is consistent with previous findings 
(Orrego and Sanchez-Armass, 1981). At 10“3M, D595 
inhibited 27% of 3H-NE release versus control values. 
The lesser effect of D595 on 3H-NE release compared to 
tetrodotoxin could be due in part to Ca2+ being 
mobilized internally, to Ca2+ entering through the 
Na+ channel (Mullins, 1981), to Na/Ca exchange, or due 
to a lower specificity of this compound at the Ca2+ 
channel. Although D595 is highly specific in cardiac muscle, 
it has been shown to be less effective in neuronal 
preparations (Hagiwara and Byerly, 1981). Addition of both 
tetrodotoxin (10'7M) and D595 (10'5M) inhibited 
7 ° 3 
4% of h-NE release compared to controls. Thus by 
blocking both the Na+ and Ca2+ channels, 
p 2 + 
uptake was effectively reduced and a marked 
reduction of 3H-NE release noted. The concentrations 
utilized for tetrodotoxin and D595 were chosen because they 
gave maximum effect without interfering with 3H-NE 
59 
3 Table 7. Effect of Deltamethrin on H-NE Release from Rat Brain Synaptosomes 
Treated with D595 or Tetrodotoxin (TTX). 
3H-NE Release 
Treatment Control3 Treated Percent Inhibited^ 
O 
(Summation of H-NE Release + SEM)C 
D595d 16.7 + 1.4 13.2 + 0.6 21 + 4 
D595 + 
Deltamethrin 16.7 + 1.4 12.6 + 1.4 24 
GO
 
+
 1
 
TTXe 12.1 + 2.5 6.3 + 0.3 48 ± 3 
TTX + 
Deltamethrin 12.1 + 2.5 12.7 + 3.0 __f 
D595 + TTX 19.8 + 1.1 5.1 + 1.4 74 + 7 
aControls were treated with 1.0 ul ethanol. 
bPercent inhibited refers to the difference between the 3H-NE released by 
treated synaptosomes compared to control synaptosomes. 
Summations were determined by subtracting the fractional rate constant (frc) 
average for the non-depolarized aliquots at a certain fraction from the frc 
average for the depolarized aliquots at the same fraction. The difference 
tor fractions (minutes) 12 through 20 inclusive were totaled and the results 
expressed as a summation. Values represent means of 2 experiments with 4 
replicates. Means followed by an asterisk are significantly different from 
control means (p<0.05, one-tailed t-test). 
D595 concentration was 10 3M, deltamethrin concentration was 10“^M. 
TTX concentration was 10 M, deltamethrin concentration was 10"^M. 
No significant difference between control and treated (p<0.05. 
one-tailed t-test). 
60 
uptake. 
Table 7 shows that deltamethrin failed to significantly 
(p <0.05) affect release of ^H-NE from D595 pretreated 
synaptosomes (i.e., from 13.2% + 0.6% to 12.6% + 1.4%) but 
3 
did increase release of H-NE from tetrodotoxin 
pretreated synaptosomes (i.e., from 6.3% + 0.3% vs. 12.7% + 
3 
3.0). This amounts to a net increase of 101% of H-NE 
3 
release due to deltamethrin stimulation of H-NE 
release in the presence of tetrodotoxin. Since tetrodotoxin 
is a specific Na+ channel blocker, deltamethrin is 
2+ 
apparently enhancing the uptake of Ca via other 
channels or exchange mechanisms in addition to Na+ 
channels. Additional evidence is also provided by the 
calcium channel blocker, D595, which effectively eliminates 
3 
any stimulatory effect of deltamethrin on H-NE 
release. As graphically illustrated in fig. 9, deltamethrin 
is unable to alter the rate constant difference of 
D595-treated synaptosomes (fig. 9B) but greatly enhances the 
3 
rate of H-NE release despite the presence of 
tetrodotoxin (fig. 9A). Indeed, the addition of deltamethrin 
in the presence of saturating concentration of tetrodotoxin 
is seen to enhance both the initial spike at fraction 12 as 
well as the tailing through fractions 16 to 20. 
Effect of Deltamethrin on Ionic Flux in Rat Brain Synaptosomes. 
Since norepinephrine release has been demonstrated to be 
61 
Fig. 9 Effect of deltamethrin on tetrodotoxin and D595 
influenced H-NE release patterns. In panel A, 
synaptosomal aliquots were incubated with 10~'M 
tetrodotoxin (TTX) for 5 min. At the conclusion of this 
period, synaptosomal aliquots were incubated an additional 5 
min with either 10 M deltamethrin (open circles) or 1.0 
ul 95% ethanol (open circles). All aliquots were then 
incubated with 0.139 uM JH-NE 15 min followed by 
washing and superfusing with NSM. After 6 min (fraction 6) 
selected aliquots were depolarized with DM for 2 min. .In 
panel B, synaptosomal aliquots were incubated with 10“5M 
D595 for 5 min.. At the conclusion of this period, 
synaptosomal aliquots were incubated an additional 5 min with 
either 10 M deltamethrin (open circles) or 1.0 ul 95% 
ethanol (closed circles). All aliquots were then incubated 
with 0.139 uM H-NE 15 min followed by washing and 
superfusing with NSM. After 6 min (fraction 6) selected 
aliquots were depolarized with DM for 2 min. Results for 
both panels are expressed as a rate constant difference and 
represent the average of 2 experiments, each consisting of 4 
replicates. 
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highly dependent on Ga fluxes, an attempt was made to 
directly measure the effect of deltamethrin Ca2+ uptake. 
To determine the effect of deltamethrin on Ca2+ flux, 
45 + 
Ca uptake was measured during K depolarization 
in the presence and absence of deltamethrin. As illustrated 
in fig. 10, deltamethrin enhanced synaptosomal uptake of 
45 . + 
Ca during K depolarization in a dose dependent 
manner (crossed bar) over control values (solid bar). 
Significant (P<0.05) enhancement was noted with deltamethrin 
concentrations greater than 10"9M. Deltamethrin 
enhanced ^5Ca uptake over control (1.8 + 0.11 pmoles/mg 
protein) by 0.3 + 0.07 pmoles/mg protein, 0.6 + 0.07 
pmoles/mg protein, 1.4 + 0.21 pmoles/mg protein and 2.1 + 
0.64 pmoles/mg protein at concentrations of 10“10M, 
”* 9 “ 7 s 
10 M, 10 M and 10 M, respectively. 
Del tamethrin-induced 45Ca uptake reached a maximum 
level at a concentration of 10'7M with saturation noted 
at 10'5M. 
In order to determine the half maximal effective dose 
(ED50) of deltamethrin necessary for this effect, a least 
squares regression analysis was determined for the data 
presented in fig. 10. Fig. 11 is a regression plot of the 
pmoles above control values (i.e., K+ depolarized but no 
deltamethrin) of 45Ca taken up by K+ depolarized 
64 
Fig. 10 Effect of deltamethrin on Ca uptake. 
Synaptosomal aliquots were incubated 10 min with either 
deltamethrin or 1.0 ul 95% ethanol. Synaptosomes were loaded 
with 0.139 uM unlabeled NE, washed and superfused with NSM. 
After 6 min (fraction 6), selected fractions were depolarized 
the addition of 3.0 ml of LCDM containing 0.1 uCi of 
'Ca per ml (solid plus crossed bars). The remaining 
aliquots received 3.0 ml of LCNSM containing 0.1 uCi of 
ca per ml (open bars). After an additional 6 min all 
synaptosomal aliquots were washed with 15.0 ml LCNSM , and 
the radioactivity remaining on the filters was determined by 
liquid scintillation spectrometry. Solid bars represents the 
amount of ca taken up by depolarized synaptosomes which 
were preincubated with 95%c-ethanol. Crossed bars represent 
any additional amount of ca uptake which was in excess 
of the control value due to the presencg^of deltamethrin. 
The results are expressed as pmoles of JCa recovered on 
filter per mg of protein over a 6 min depolarization period. 
The values depicted are averages + SEM of 2 experiments, each 
consisting of 4 replicates. 
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11 Least-squares regression of deltamethrin-induced 
Ca uptake. The pmoles of “Xa taken up in excess 
of control values (i.e., enhanced ~)Ca uptake) for 
various concentrations of deltamethrin (lCr1DM to 
10 M) was subjected to a least-squares regression 
analysis and plotted. The plotggave an r value of 0.98 
and an ED^q value of 2.4 x 10~yM. The EDcq value 
was the extrapolated value which gave 50%Denhanced release. 
The actual experimental data points are represented on plot 
as triangles. Two experiments, each with 4 replicates, were 
run for each concentration of deltamethrin. 
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synaptosomes in the presence of increasing concentrations of 
deltamethrin. The maximum enhanced value of ^3Ca 
uptake at 10 M was determined by the regression to be 
1.09 pmoles. Hence, the 50% enhancement value of ^3Ca 
uptake was determined to be 0.55 pmoles above control. The 
dose of deltamethrin required to give this response was 
determined to be 2.4 x 10 9M. This correlates well 
with the 2.9 x 10 M value of deltamethrin which was 
calculated to be the concentration necessary to give a 50% 
response for enhancement of 3H-NE release. 
One other aspect of calcium homeostasis on which 
pyrethroids may have an action is at the level of internal 
Ca2+ sequestration. Fig. 12 shows that addition of 
pentylenetetrazole in superfusion media where Ba2+ has 
been substituted for Ca2+ (i.e., BaNSM) released 
synaptosomal 3H-NE in a dose dependent manner (0.25% + 
2.9% for 10 ^M, 10.7% + 2.3% for 10”^M and 15.3% 
i 0*7% for 10 M). Ba2+ can enter the Ca2+ 
channel but cannot promote release of 3H-NE (Dascal et 
al"> 1986)« The half maximum dose of pentylenetetrazole was 
calculated by least-squares regression to be approximately 5 
x 10 M (fig. 13). Addition of 5xl0”3M 
pentylenetetrazole to synaptosomes pretreated with 10~3M 
deltamethrin resulted in a significantly (p<0.05) greater 
release of 3H-NE (10.5% + 0.7%) than the additive 
effects of either pentylenetetrazole (6.0% + 0.9%) or 
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deltamethrin (2.7% + 0.3%) taken together (fig. 14). Fig. 15 
shows that this effect is dose dependent. Increasing the 
concentration of deltamethrin increased the amount of 
pentylenetetrazole-induced release. No significant effect 
(p<0.05) was noted for deltamethrin at 10”^^M (5.1% + 
0.6% compared to 4.3% + 1.1% for controls, thus a net 
difference of 0.8%) while saturation was noted at 10-9M 
(7.4% + 0.9% compared to 3.1% + 0.8% for controls, thus a net 
difference of 4.3%). Increasing the concentration of 
deltamethrin failed to change the difference in 
pentylenetetrazole-induced release. A net difference of 4.3% 
was noted for deltamethrin at 10'7M (9.4% + 0.3% compared 
to 5.1% + 1.1% for controls) and a net difference of 4.5% was 
noted at 10'5M deltamethrin (10.5% + 0.7% compared to 
6.0% + 0.9% for controls). A least-squares regression 
analysis (fig. i6) gave a calculated maximum deltamethrin 
effect of 4.08% for enhancing pentylenetetrazole-induced 
H-NE release. The concentration of deltamethrin to 
enhance the pentylenetetrazole effect by 50% (i.e., ED ) 
was calculated to be 2.4 x 10-10M. A possible ^ 
explanation for this effect is that alpha cyano pyrethroids, 
m addition to their actions on various ionic channels, may 
also be acting on internal Ca2+ sequestering 
roechanisms, such as mitochondria, endoplasmic reticulum, 
synaptic vesicles, or various calcium binding proteins. The 
Pyrethroids may also be acting on Ca2+ effluxing 
74 
mechanisms associated with the synaptolemma (e.g., 
ATP-dependent Ca2+ pump, Na/Ca exchange). 
75 
Fig. 14 Effect of 10 M deltamethrin on 
pentylenetetrazole-induced release of JH-NE. 
Synaptosomal aliquots were incubated with either 10“5M 
deltamethrin or 1.0 ul 95% ethanol prior to loading with 
0.139 uM H-NE. Aliquots were subsequently washed and 
superfused with BaNSM. After 6 min (fraction 6), selected 
aliquots were gjven 3.0 ml of BaNSM containing an EDsn 
dose of 5 x 10 M pentylenetetrazole. Results are 
expressed as a summation of JH-NE released + SEM. The 
summation value is an average of 2 experiments, each 
consisting of 4 replicates. 
1
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Fig. 16 Regression analysis on the influence of deltamethrin 
on pentylenetetrazole-induced-release of ^H-NE. The 
summation values of enhanced JH-NE release above 
control valuej^for various concentrations of deltamethrin 
(from 5 x 10 M to 10 yM) were subjected to a 
least-squares regression and plotted. Controls consisted of 
penty1enetetrazole—induced H-NE release from 
synaptosomes treated2with 1.0 ul of 95% ethanol. The 
regression gave an^ value of 0.94 with an EDCA 
value of 2.4 x 10 1UM. The ED,0 value is calculated 
as the extrapolated value whicn would release a summation 
value of control plus 2.04%. The actual data points are 
represented on plot as triangles. Each data point represents 
1 experiment containing 4 replicates. 
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CHAPTER V 
DISCUSSION 
The most prevalent theory concerning the mode of action 
of pyrethroids has dealt with their possible interaction with 
the Na+ channel. Narahashi (1976), commenting on the 
repetitive discharges caused by allethrin in cockroach nerve 
cords, used voltage clamp analysis to show allethrin 
inhibited Na+ channel inactivation. The voltage spike 
profiles of allethrin poisoned nerves following 
depolarization appeared to show that the nerves were 
hyperpolarizing. A prolonged tail was noted and indicative 
that positive ion entrance into the neuron was being 
prolonged. Narahashi (1976) showed that tetrodotoxin blocked 
this current. He postulated that pyrethroids acted in a 
fashion. Using similar techniques, Narahashi 
(1976) demonstrated that DDT, applied to lobster giant axons 
induced repetitive discharges and slowing of the inactivation 
°f the Na channel. Lund and Narahashi (1983) measured 
the variations in Na+ tail currents with respect to 
cyano and non cyano pyrethroids. They found that non cyano 
Pyrethroids quickly created a modified open state that, over 
tlme’ retUrned t0 a (resting) state. With cyano 
Pyrethroids, extremely small tail currents were noted, 
indicating that these compounds delayed modifying the 
channel. However, Lund and Narahashi (1983) noted 
81 
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that the effected channels were slow in returning to a normal 
state. Furthermore, cyano pyrethroids, in contrast to the 
non cyano pyrethroids, did not induce repetitive discharges. 
Additionally, Gammon et al. (1981) found that non cyano 
pyrethroids induced repetitive firing in axons of sensory 
neurons from cockroaches while cyano containing pyrethroids 
did not. 
Ghiasuddin and Soderlund (1984) showed deltamethrin 
bound in a stereospecific manner to mouse brain synaptosomes 
o o 
and enhanced uptake of radiolabeled Na. They also 
calculated an EC^q of 2.5xlO~8M for deltamethrin, 
which compares to our calculated EC^q of 2.9xlO”9M 
for 50% enhanced release of 8H-NE. They completely 
blocked this effect of deltamethrin on 22Na uptake by 
addition of tetrodotoxin. 
Laufer et al. (1984) looked at the effects of the cyano 
pyrethroid, deltamethrin, and seven other non cyano 
pyrethroids on the Na+ channel of cockroach axons. 
They found that deltamethrin, the most lethal cyano 
pyrethroid, had the least effect on flux modification at this 
channel. Salibian (1983) tested deltamethrin on frog skin 
and found no effect on Na flux even at concentrations 
of 10“4M. 
Using voltage clamp analysis, Narahashi (1985) showed 
that the cyano containing pyrethroid cyphenothrin (a compound 
similar to deltamethrin but containing methyl substituents in 
83 
place of bromide) caused a sizeable nerve depolarization in 
crayfish. He was able to block this action with 
tetrodotoxin, suggesting that the effect was due to enhanced 
Na+ entrance. Therefore, Narahashi (1985) suggested 
that both cyano and non cyano pyrethroids act at Na 
channels, but in different ways. These differences in modes 
of action account for differences in symptomology. 
However, Gammon and Sander (1985), noting that 
2+ + Ca is important in controlling Na inactivation 
(Frankenhaeuser and Hodgkins, 1957), speculated on the 
2+ importance of disruption of Ca homeostasis. The 
Na+ channel effect of pyrethroids with motor neurons is 
cloudy in that these neurons are known to possess an inward 
2+ 2+ 
Ca current and possibly even a Ca spike. 
2+ + Considering that Ca enters the Na channel 
(Mullins, 1981), there must be some structural similarities 
between the two channels. 
2+ As reported in this study, the Ca channel 
antagonist D595, a verapamil analogue, prevented deltamethrin 
3 from enhancing H-NE release from depolarized 
synaptosomes. This raises the speculation that deltamethrin 
2+ 
may affect Ca homeostasis in nerve cells. Studies on 
squid giant axons illustrated that less than 0.1% of total 
2+ 
axoplasmic Ca is unbound (Baker and Dipolo, 1984). 
2+ Since Ca is crucial for vesicular transmitter release 
(Katz and Miledi, 1967; Hagiwara and Byerly, 1981), this low 
84 
2+ level of cytoplasmic free Ca is expected and 
2+ 
necessary. Without a high degree of Ca regulation, 
integrated neurotransmitter release could not occur. 
2+ Disruption of Ca homeostasis by pyrethroids can 
occur at several points. Also, disruption may be directed at 
24- 
more than one point. Upon depolarization, Ca enters 
2+ + 
the cell via Ca channels, Na channels, and 
Na/Ca exchange (Baker and Dipolo, 1984). In this study, it 
was shown that deltamethrin enhanced neuronal uptake of 
radiolabeled ^Ca. This effect was only noted during 
depolarization. Since depolarization is required, 
deltamethrin can not be acting as an ionophore. Deltamethrin 
4- '? + 
could be acting at either Na channels, Ca 
24- 
channels or both, since both permit Ca entrance. If 
deltamethrin affected only Na+ channels, tetrodotoxin 
would be expected to block any enhanced release of 
3 
H-NE due to the presence of deltamethrin. This was 
not experimentally substantiated, therefore it is unlikely 
that deltamethrin is acting solely at these channels. Indeed, 
the presence of D595, a Ca channel antagonist, 
prevented any stimulatory effect of deltamethrin. 
24* Internally, Ca is sequestered chiefly by mitochondria 
(Baker and Dipolo, 1984) and endoplasmic reticulum (Blaustein 
et al. , 1978). The mitochondria as possible targets were not 
researched for two reasons: (l) The uptake of ^H-NE 
into synaptosomes is an active transport process and is 
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highly susceptible to mitochondrial poisons; and (2) The low 
Oi 
affinity of mitochondria for Ca (Km=10-30 uM, 
Matsumura and Clark, 1982) makes the organelle more of a 
2+ 
Ca sink rather than a sensitive uptake mechanism for 
2+ 
Ca sequestration. Furthermore, if pyrethroids attack 
mitochondrial, we would have expected to see inhibition of 
3 
H-NE uptake, which was not noted. 
2+ 
Ca sequestration in the endoplasmic reticulum is 
an ATP dependent mechanism with a Km of 0.35 uM (Blaustein et 
al. , 1978), about a hundred times more sensitive than 
mitochondria. Such uptake is into actual "sacs" and not 
merely a manifestation of non-specific Ca2+ binding 
(Blaustein et al., 1978). Additional Ca2+ 
sequestration is noted with cytoskeletal proteins (Shecket 
and Lasek, 1978; Matsumura and Clark, 1982), however their 
overall role is not clear. Taken together these various 
channels and proteins regulate the flow of intracellular 
Ca2+. 
2+ + Upon depolarization, Ca and Na ions pass 
into the cell from external media via voltage-dependent 
channels. Transmitter release occurs and the intracellular 
2+ 
Ca is either effluxed via Na/Ca exchange or 
2+ 
sequestered internally via a Ca pump into endoplasmic 
reticulum, mitochondria, or an ATP-dependent Ca2+ pump 
within the plasma membrane. As the intracellular Ca2+ 
level drops, sequestered Caz is released slowly and 
extruded by Na/Ca exchange (Blaustein et al., 1978) and the 
2+ ATP-dependent Ca pump. The pump has a higher 
2+ 
affinity for Ca than has the exchanger (Km of 0.18 uM 
for the pump vs. 1.5 uM for the exchanger) suggesting the 
pump has the key role in maintaining the resting cytosolic 
Ca^+ level (Gill et al., 1984). 
Our results show that alpha cyano pyrethroids affect 
2+ 2+ both Ca uptake as well as Ca sequestration. 
Synaptosomes, which had been incubated in Ca media, 
were washed and superfused in media which replaced external 
Ca^+ with Ba^+. Ba^+ can enter the 
2+ Q 
Ca channel but cannot initiate H-NE release 
(Dascal et al., 1986). Addition of pentylenetetrazole 
+ o 
without K depolarization released H-NE in a dose 
dependent manner. Addition of deltamethrin alone without 
K depolarization caused no appreciable release of 
3 
H-NE. However, addition of both pentylenetetrazole 
o 
and deltamethrin resulted in releases of H-NE in 
excess of that caused by either agent alone. This 
synergistic effect of deltamethrin correlates well with 
previous findings that cyano pyrethroids inhibit 
2+ 2+ Ca +Mg ATP hydrolyzing enzymes (Clark and 
Matsumura, 1982). In studies with squid retinal nerve axons 
Clark and Matsumura (1982) measured the effect of specific 
ion-dependent enzymes (i.e. Na++K+, 
2+ 2+ 
Ca +Mg ) on the hydrolysis of radiolabeled ATP. 
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They found that deltamethrin, at a concentration of 
10”^M, inhibited 89% + 6% of the Ca^++Mg^+ 
ATP hydrolysis. Furthermore, Clark and Matsumura (1982) 
found that at the same concentration, the non cyano 
pyrethroid, resmethrin, inhibited only 47% + 8% of this 
activity. This Ca^++Mg^+ ATP hydrolyzing activity 
has many characteristics in common with the ATP-dependent 
2+ 
Ca pump mechanisms in endoplasmic reticulum 
(Matsumura and Clark, 1982; Heilmann et al., 1984). 
Our studies illustrate that, in the presence of cyano 
containing pyrethroids (e.g., deltamethrin, fenvalerate and 
O 
cypermethrin), enhanced H-NE release from superfused 
rat brain synaptosomes occurs. The non cyano pyrethroids 
(e.g., allethrin, permethrin, and the des-cyano analogues of 
normally alpha-cyano pyrethroids, deltamethrin and 
fenvalerate) had no effect on 3H-NE release. This 
lends support to the hypothesis that the two types of 
pyrethroids act at different sites within the nervous system 
(Gammon and Sander, 1985). Additional evidence along this 
line comes from Aldridge et al., (1978) who demonstrated that 
deltamethrin reduced brain acetylcholine levels while the non 
cyano pyrethroid, cismethrin, did not. Studies on rats by 
Ray (1980) found that cismethrin has relatively little action 
above the level of the brainstem. 
_ 7 
Addition of 10 M tetrodotoxin blocked 48% + 3% of 
K induced release, but this antagonism could be 
88 
alleviated by the addition of deltamethrin. The verapamil 
analogue, D595, at a concentration of 1Q“5M blocked 27% + 
-j- q 
4% of the K promoted release of H-NE. Unlike 
the antagonism caused by tetrodotoxin, the effect of D595 
could not be relieved by addition of deltamethrin. In a dose 
dependent manner, deltamethrin enhanced uptake of ^Ca 
into synaptosomes following addition of high K+ media. 
The ED5q for deltamethrin enhanced 3H-NE release (2.9 
-9 
x 10 M) is virtually identical to the ED^Q value for 
deltamethrin for enhanced ^5Ca uptake (2.4 x 10“9M). 
Taken together, these results appear to implicate an 
effect of deltamethrin at the Ca2^ channel. 
Furthermore, pentylenetetrazole, an agent believed to cause 
mobilization of internal Ca2+ stores (Sugaya and 
Onuzuka, 1978; Doerner et al., 1982), when combined with 
deltamethrin synergistically enhanced release of 3H-NE 
from loaded synaptosomes. Therefore, cyano containing 
pyrethroids also appear active in the disruption of 
intraterminal Ca homeostasis. In fact, the 
intracellular mechanism appears to be more sensitive to 
deltamethrin than the Ca2+ channel. This is based on 
the ED^q values of deltamethrin for enhancing Ca2+ 
dependent K+ depolarized release of 3H-NE (2.9 x 
_9 
10 M) and for the pentylenetetrazole effect (2.4 x 
10"10M). 
An interesting point is that DDT appears to be 
89 
3 inhibiting H-NE release in this preparation. As 
mentioned, DDT is postulated to act by prolonging the opening 
of the Na channel. Pyrethroids, especially non cyano 
pyrethroids, are thought to act in a similar manner 
(Narahashi, 1962b; Ruigt, 1985). Our findings show no 
similarities between the action of either non cyano or cyano 
containing pyrethroids and DDT. In fact, opposite findings 
are noted with DDT and the cyano containing pyrethroids. 
Possibly, DDT does not affect the release mechanism at all 
o 
but rather synaptosomal stores of H-NE. Acute 
poisoning of DDT decreases total measurable levels of brain 
NE (Hudson et al., 1985; Marquis, 1986). In our preparation, 
addition of DDT at concentrations of 10"^M, 10”^M and 
10 inhibited uptake of ^H-NE. It is interesting 
to note that the only other compound to show some load 
inhibition was fenvalerate (at 10"5M), a compound which 
also contains a para positioned chlorine. Decreasing brain 
levels of NE have been implicated in the mechanism of 
hyperthermia and tremor activity (Hudson et al., 1985). 
Further studies on DDT effects on NE uptake could provide 
insight into the symptomlogical affects of DDT. 
Our results present a correlation between a pyrethroid 
biochemical effect and a symptomological one. Biochemically, 
cyano pyrethroids enhance intracellular free Ca^+ 
concentration. The use of the adrenergic agonist, 
isoproterenol, has been shown to stimulate Ca uptake 
90 
(Dascal et al., 1986), hence excess release of norepinephrine 
2+ is coupled with enhanced Ca uptake. The overall 
effect of such release could be either CNS depletion or 
excess. The present data points to depletion. 
Decreasing brain NE leads to convulsive states (Kilian 
and Frey, 1973; Quattrone et al., 1978). Enhanced blood 
flow can be artificially induced by addition of the 
alpha-adrenergic blocker, phentolamine (Raichle, et al. , 
1975). Since brain arterioles and capillaries are innervated 
by noradrenergic fibre terminals, the central noradenergic 
system is believed to be involved in the regulation of 
cerebral blood flow (Nieuwenhuys et al., 1981). Ray (1982) 
found that cerebral blood flow increased 386% in rats over a 
40 min period after poisoning the animals with deltamethrin 
(0.66 + 0.02 ml/min to 2.55 + 0.22 ml/min). Cismethrin (a T 
syndrome inducing pyrethroid) enhanced blood flow only 250% 
(0.66 + 0.02 ml/min to 1.65 + 0.22 ml/min). Recent 
literature (Marquis, 1986) states that the monoamine 
synthesis inhibitor, alpha-methyl-p-tyrosine, the monoamine 
depleter reserpine, and the monoamine receptor blockers, 
chlorpromazine and propanolol, all enhanced pyrethroid 
toxicity. The premise that depletion can be caused by 
excessive release is quite plausible in that reserpine, which 
acts by reducing vesicular ability to store NE, causes NE to 
remain free in the cytoplasm and extracellular spaces 
allowing NE breakdown by MAO and COMT. This leads to an 
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overall depletion of brain NE stores. 
Additionally, our findings suggest that the alpha cyano 
pyrethroids enhance (either directly or indirectly) free 
2+ Ca in the neuronal cytoplasm leading to immediate 
3 9+ increased H-NE release. This disruption of Ca 
homeostasis, coupled with an overall effect of depletion of 
NE stores, correlates CS pyrethroid symptomology with that of 
noradrenergic disfunction in the central nervous system (Ray 
and Cremer, 1979). 
The depletion of NE within the central nervous system 
does not answer all the questions of cyano pyrethroid 
symptomology. Chorioathetosis, the distinctive symptom of 
CS poisoning, is primarily caused by damage to the outer 
portion of the globus pallidus (Guyton, 1981). Damage to 
this area eliminates critical muscle feedback circuits. The 
result is a random series of impulses through the basal 
ganglia, thalamus and motor cortex. Ray (1980), however, 
noted that chorioathetosis persisted in deltamethrin poisoned 
rats after spinal transection. Also Staatz-Benson and Hosko 
(1986) spinal clamped cats and found that deltamethrin had a 
direct effect on spinal neurons. They theorized that cyano 
pyrethroids hold Na channels in consistently open 
states while non cyano pyrethroids only transiently effect 
the channels. Because of this, Staatz-Benson and Hosko 
(1986) imply that the difference between the two types of 
pyrethroids is merely kinetic and not mechanistic. 
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Furthermore, Forshaw and Ray (1986) demonstrated that 
deltamethrin markedly increased the force of contraction 
within rat skeletal muscle and showed that such effect was 
independent of central nervous system involvement. It would 
2+ be naive to think that the Ca channel was the only 
2+ 
site of cyano pyrethroid action, but disruption of Ca 
homeostasis does fit the symptomology with cyano pyrethroid 
poisoning. 
2+ Possibly the Ca agonism caused by deltamethrin 
can be drawn from its structural similarities to D595. It 
appears that slight structural changes can lead to 
2+ 
contrasting actions. A case in point is the Ca 
channel antagonist, nifedipine, and the channel agonist, CGP 
28392, (app. i ). CGP 28392 increases cardiac contractability 
and its effect is completely antagonized by nifedipine. 
Using human platelets as a model, Erne et al., (1984) showed 
2+ that CGP 28392 increased cytosolic Ca concentration 
from 119xlO"^M to 197xlO”^M. Addition of verapamil 
or diltiazem did not alter the effect of CGP 28392. It was 
postulated that this is due to verapamil and diltiazem 
exerting their actions at one site and nifedipine at another. 
Also, verapamil, unlike nifedipine, is a "use-dependent" 
compound. Use-dependent compounds are those which exert an 
effect only after depolarization (Lee et al., 1983). Both 
nifedipine and CGP 28392 contain a pyridine ring linked via a 
carbon-carbon bridge to a substituted benzyl group. However, 
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CGP 28392 has increased electronegativity by the addition of 
a flourine atom and increased bulkiness by the addition of a 
furan ring. In a similar fashion, deltamethrin is more 
electronegative than D595 due to the presence of bromine on 
the cyclopropyl moiety compared to a methoxy group distal 
* 
from the cyano moiety on D595. Deltamethrin has increased 
bulkiness by the presence of an oxygen bridged benzyl group 
proximal to the cyano moiety. From this comparison, 
deltamethrin appears to contain structurally similar 
variations to D595 equal to the type found in CGP 28392 
versus nifedipine. 
Deltamethrin acts like a use-dependent compound, which 
is in full agreement with other studies (Ghiasuddin and 
Soderlund, 1984; Ruigt, 1985). This class is indicative of 
verapamil and its analogues D595 and D600 (Lee et al., 1983). 
Use-dependent compounds require some form of membrane 
change before exerting an effect. Since small structural 
changes can lead to contrasting actions (Erne et al., 1984), 
the changes illustrated by deltamethrin could certainly 
create a D595 contrast. Internally deltamethrin, again 
2+ 
use-dependent, enhances release of Ca stores when 
used in combination with the convulsant pentylenetetrazole. 
Hence deltamethrin could produce a use-dependent agonistic 
effect, as indicated by the data presented here. Further 
illustration of this effect is presented by Berlin et al. , 
(1984) who demonstrated a positive inotropic effect with 
94 
deltamethrin. 
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App.a Structural configurations of pyrethrin fraction I 
(pyrethrin I, cinerin I, and jasmolin I) and of pyrethrin 
fraction II (pyrethrin II, cinerin II, and jasmolin II) 
(Elliot and Janes, 1973a). 
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App. b Structural configurations of non cyano type I 
(allethrin, resmetfirin, and permettirin) and alpha cyano type 
II (cypermethrin, deltamethrin, and fenvalerate) synthetic 
pyrethroids. 
107 
AIlet hr in 
Cypermethrin 
App. c Table of photostability for selected pyrethroids 
Sources as listed. 
Toxicity and Photostability of Selected Pyrethroid Insecticides. 
Pyrethroid LD50 (mg/kg)a T50 (days)b T90 (days)0 
Allethrin 1100 0.33d 
Resmethrin 2500 0.25e 
Permethrin 3800 4.00e 
Cyperme thrin 251 2.23f 
Deltamethrin 125 1.08f 
Fenvalerate 451 2.06f 
LDcq refers to the oral dosage required to kill 50% of the rats tested. 
Data was taken from C. Worthing, 1975. 
bT5Q refers to the amount of time for 50% of parent compound to 
pnotodegrade. 
£ 
Tqq refers to the time required for 90% of parent compound to 
pnotodegrade. 
dPhotostability data from Chen et al., 1969. 
ePhotostability data from Elliot et al., 1973. 
^Photostability data from Awasthi et al., 1983. 
no 
App. d Synthesis and inactivation pathways for 
norepinephrine (Warburton, 1975). 
Tyrosine 
Tyrosine hydroxylase 
Dopa 
Dopa decarboxylase 
i f 
Dopamine 
Dopamine hydroxylase 
(/3-oxidase) 
'' 
Norepinephrine (Noradrenalin) 
3,4-Dihydroxymandelic acid Normetanephrine 
Vanillylmandelic acid 
COMT MAO 
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App. € Structural configurations of norepinephrine and its 
inactive metabolites. 
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Norepinephrine 
x 
o H 
I I ■c—c- 
H H 
NH, 
X 
o H 
I I 
—C—C —NH. 
I I 
H H 
Nor met anephrine 
HO— 
H 
-I ■C 
A 
o 
II 
C—OH 
3,4-Dihydroxymandelic 
acid 
HO — 
H 
-C 
I 
H 
O 
II 
C—OH 
Vanillylmandelic 
acid 
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APP« f Illustration of the major adrenergic pathway; 
connections of the locus coeruleus ( Nieuwenhuys et al., 
1981). ’ 
3 
4 
5 
6 
7 
K 
9 
10 
II 
1 Neocortex 
2 Gyrus cinguli 
Nucleus uuicrior thalami 
Nuclei habenulae 
Nuclei lalerales ihalami 
Nucleus reticularis thalaini 
Nuclei vcuirulcs thalaini 
Corpus geniculalum laterale, 
pars dorsalis 
Substantia innominata 
Nucleus centralis amygdalae 
Nuclei basalis lateralis 
amygdalae 
12 Cornu ammonis 
13 Subiculum 
[A Cortex piriformis 
15 Cortex entorhinalis 
16 Tectum 
17 Griseum centrale mcsencephali 
18 Nucleus raphes dorsalis (Q 7) 
19 Locus coeruleus (A 6) 
20 Cell group A 7 
21 Cell group A4 
22 Nuclei centrales cerebelli 
23 Cortex cerebelli 
24 Nucleus dorsalis nervi vagi 
25 Nucleus olivaris inferior + nuclei 
olivares accessorii 
116 
App. g Other connections (i.e., connections which exclude 
the locus coeruleus) of the noradrenergic system (Nieuwenhuys 
et al., 1981) . 
117 
1 Bed nucleus of stria terminals 
2 Coinmissura anterior 
3 Nucleus paraventricularis 
4 Nucleus pracopticus 
5 Nucleus dorsoinedialis 
6 Uulbus ollaciorius 
7 Nucleus supraopticus 
8 Nucleus inlundibularis 
9 Griseum cenlrale mesencephali 
10 Formatio reticularis mesencephali 
11 Cell group A 7 
12 Cell group AS 
13 Nucleus solilarius 
14 Nucleus dorsalis nervi vagi 
15 Cell group A2 
16 Cell group A I 
118 
3 
Appendix h. Sample calculation of H-NE Release. 
3 
For each barrel, 24 fractions of released H-NE 
are collected each experiment one each min (0.5 ml/min). The 
total amount of 3H-NE released over the entire 24 
fraction period is summed. At the conclusion of each 
experiment, all barrel filters are extracted overnight in 1.0 
ml 1M perchloric acid. Subsequently, a 0.5 ml aliquot of 
this acid was counted as well as the filter itself. The 0.5 
ml aliquot counts were doubled and added along with the 
counts on the filter to the above release total to give the 
total amount of H-NE present. 
Fraction Number 
1 
2 
3 
4 
5 
6 
CPM ^H present 
1299 
1134 
980 
907 
1083 
893 
24 249 
Total of 24 fractions 18308 
0.5 ml aliquot of extract x 2 2868 
Acid extracted filter 1680 
Total radioactivity present 22856 
We divided the cpm in fraction 1 by this total to give 
the fractional rate constant (frc) of the first fraction. We 
subtracted this number from the total resulting in the amount 
of radiation now remaining in the synaptosomes. 
1299 / 22856 x 100 = 5.68 
22856 - 1299 = 21557 
We then divided the cpm in the second fraction by the 
total amount of radiation remaining to give the fractional 
rate constant for fraction 2, etc., until fraction 24. 
1134 / 21557 x 100 = 5.26 
21557 - 1134 = 20423 
980 / 20423 x 100 = 4.80 
20423 - 980 = 19443- 
The fractional rate constants for barrels which received 
similar treatments were averaged together (i.e., all frc's 
for fraction 1 were averaged, all the frc's for fraction 2 
were averaged, etc.) to give fractional averages. Fractional 
averages from nondepolarized synaptosomes are subtracted from 
fractional averages of depolarized synaptosomes to give 
fractional average differences. 
119 
Fraction 
Number 
non-depolarized 
fractional ave. fractional ave 
3.3 
3.7 
2.1 
depolarized Fractional 
ave. difference 
1 
2 
3 
3.5 
3.4 
2.6 
-.2 
.3 
-.5 
12 
13 
14 
15 
16 
17 
18 
19 
20 
3.6 
3.9 
3.6 
2.8 
4.6 
3.8 
3.3 
3.6 
3.5 
4.3 
4.3 
5.5 
7.1 
5.9 
6.9 
5.2 
3.3 
3.6 
.7 
.4 
1.9 
4.3 
1.3 
3.1 
1.9 
-.3 
.1 
24 4.0 3.4 6 
The fractional average differences for fractions 12 to 
20 inclusive were totaled to give summations of JH-NE 
released. Th§ total for the example above would be 13.4, our 
summation of H-NE released for this experiment. 
Hence, we would average this number with replicate 
experiments using different rats. These values were used to 
compare the effects of various insecticidal treatments. 
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App. i Structural configurations of 
™™§°ni£?tS nifedipine and D595, the 
and the pyrethroid insecticide 
the calcium channel 
Ca2+ channel agonist CGP 
deltamethrin. 
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Nifedipine 
OCHE, 
CGP 28392 
D595 Deltamethrin 

